, is able to add in the gas phase mono-and dicarboxylate anions as well as inorganic anions by forming the corresponding monocharged adducts, the structure of which markedly depends on the basicity of the anion. 
Introduction

I
on-selective interactions of inorganic species with organic host molecules (e.g., enzymes, antibodies, or membrane transporters) play an important role in many chemical and biological processes occurring in aqueous solutions. In particular, this is true for the interaction of cations with anionic carboxylate groups as it influences protein association and enzymatic activity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . So far, model studies have centered mainly on the recognition of cations using synthetic host compounds, such as macrocyclic polyether [13] [14] [15] [16] and polyamines [17] . Polyazamacrocycles, such as M (Figure 1 ), have been successfully employed as chiral solvating agent for monocarboxylic acids in CDCl 3 [18] , but not in aqueous solutions because the strong solvation capability of water inhibits the formation of the corresponding noncovalent adducts. However, in water, macrocycle M can efficiently form noncovalent adducts with polycarboxylic acids, although the process is very sensitive to the state of charge of both components and, therefore, to the pH of the solution [19, 20] .
Indeed, the hexaazamacrocycle M is a very basic acceptor which, in water at neutral pH, can accommodate more than two protons onto their NH groups [20] . Under these conditions, multiprotonated M is able to form 1:1 complexes only with dicarboxylates having suitable geometry and electronic properties [20] [21] [22] [23] [24] [25] . Its selectivity has been interpreted in terms of geometric and electronic requirements for multiple hydrogen bondings with the dicarboxylate anion, thereby the intuition that multiprotonated M can mimic the active center of polycarboxylate carrier proteins.
Since Na + and K + are the most abundant monovalent ions in biological systems, it would be of interest to investigate whether alkali-containing polyammonium ions can interact with anionic species. This may be an arduous task in aqueous solution because of the unfavorable alkali cation desolvation energy. In this paper, we will show that an alkali-containing polyammonium ion can be conveniently generated in the gas phase and its interaction with inorganic and organic anions investigated.
to our modifications of the procedures reported in the literature [20, 26, 27] (see Experimental Details and Scheme S1 in the Supplementary Material (SM) section).
Electrospray Ionization Mass Spectrometry Experiments
The electrospray ionization mass spectrometry (ESI-MS) experiments were carried out in a Bruker Esquire 6000 quadrupole ion trap. High resolving power spectra and ion-molecule reactions (mass range: 50-1000 m/z) were carried out by using an APEX 47e FT-ICR mass spectrometer equipped with an ESI source (Bruker, Billerica, MA, USA) and a resonance cell (Binfinity cell^) situated between the poles of a superconducting magnet (4.7 T). Operating conditions of the ESI source were as follows: ion spray voltage = +4.0 kV; nebulizer gas (N 2 ) = 15 psi; drying gas (N 2 ) = 5 psi; end plate = +4.0 kV; capillary exit 100 V; dry temperature = 300°C. Methanolic solutions containing M (10 -5 M) together with the appropriate acid or its derivative (10 -5 M) were infused via a syringe pump at a flow rate of 3 μL min 2+ ions were carried out using classic molecular dynamics (MD) simulations based on Amber [28] force field using partial charge from RESP [29] fit. According to the procedure exploited by Valden et al. [30] , a simulated annealing approach was performed in order to investigate the conformational space. The minimum energy conformers found by MD were optimized at quantum mechanics level. For optimized geometries and frequencies calculations, we have used Density Functional Theory approach using B3LYP [31] exchange-correlation functional and the 6-31G* basis set. We employed the ORCA [32] package with SCF convergence criteria set as TightSCF (energy change 1e-08; max density change 1e-07; rms-density change 1e-09) and a high precision for the integration grids. Geometry optimizations were carried out without any constraint.
The ab-initio molecular dynamic simulations (AIMD) were carried out with Terachem package [33] using BLYP/6-31G* level of theory and including DFT-D3 dispersion corrections [34] . The trajectory was evolved according to the BornOppeneimer [35] scheme. Dynamic simulations were performed for 10 ps, using a time-step of 1 ft, at 400 K temperature controlled via Nose-Hoover thermostat [36, 37] . The trajectory was save each step.
Results and Discussion
In a recent study [38] , protonated M, formed in a mass spectrometer by ESI, was found to be capable of selectively trapping ppb amounts of the K + ions ubiquitously present in (Table 1 ) [38] . This conclusion is further corroborated by the fact that a similar behavior was observed when replacing the carboxylic acid with the same concentration of its sodium or ammonium salt (see, for instance, Figures S4 and S5 of the SM section). In contrast, no similar adducts were observed when the acid was replaced by its ester or amide, which cannot generate the conjugate base of the acid in methanol.
Structure and Dynamics of the [M•K•YCOOH] + Complexes
Collision induced dissociation (CID) experiments were carried out to gather some information on the structure of the [M•K•YCOOH] + complexes. As a matter of fact, most of them did not show any tendency to fragment even at high collision energies (up to 40 eV, lab frame) (path a in Scheme 1). This behavior is rather unusual in view of the ability of similar metal bound adducts to readily release neutral fragments when collisionally excited [39] [40] [41] . However, it should be considered that the excited ions have a definite time to decompose in the collision cell. For large complexes, as those involved here, the lifetime for dissociation may exceed their residence time in the cell so that efficient dissociation of the ions may not be observed at the thermodynamic threshold. In contrast, when at least one of the methyl hydrogens of acetic acid is replaced by F or Cl, an extensive fragmentation is observed with formation of the [M•K•HF] + (path b in + indicates that the K-O1 distance (O1 and O2 denote the carbonyl and the hydroxyl oxygens of the acid, respectively) oscillates between 2.5 and 3.0 Å during the entire lapse of time (10 ps) (Figure 2a) , whereas the proton tends to reside on the O2 oxygen after some oscillations toward the proximate amino group of M (Figure 2b) .
In contrast, the trajectory of AIMD simulation for [-
+ points to a fast proton transfer from the O2 oxygen to the proximate amino group of M (Figure 3a) . At the same time, the O2 atom gets closer to K + (Figure 3b + through the formal loss of the CF 2 COO fragment.
As pointed out before, multiprotonated M, formed in water at neutral pH, does not exhibit any tendency to add monocarboxylate anions, although it is able to efficiently trap dicarboxylates of suitable geometry and electronic properties [20] [21] [22] [23] [24] [25] . A reason for such a different behavior can be found in the large dehydration penalty to be paid by the charged species involved, which can be offset only by the establishment of multiple electrostatic interactions within the adduct, provided that it does not demand any significant structural distortion of the diprotonated acceptor. This requirement cannot be easily (Figure 5b ), the proton is placed on the NH group of the receptor (HN-H distance =1.09 Å) while interacting with the chloride anion (Cl-H distance =1.91 Å). This arrangement points to the existence of the contact K + Cl -ion pair over protonated M [43] . This view is consistent with the calculated K-Cl distance (3.07 Å), which is essentially equal to the sum of the K + and Cl -ionic radii (3.14 Å). An indirect piece of evidence for the different structures in Figure 5a Table 2 .
The kinetic data of Figures S8 and S9 and of Table 2 --H-O2 and the HN + -H-O1 interaction wherein a prototropic transfer may take place, depending upon the ability of the X -center to abstract the proton from the acetic acid (300 K gas phase basicity (GB 300 ) of acetic acid = 341.8 kcal mol ) [44] . This, in turn, is related to the 300 K gas phase basicity of the X -ion, which increases in the order: I -(309.3 kcal mol -1 ) < Br -(318.4 kcal mol -1 ) < Cl-(323.7 kcal mol -1 ) [44] . Therefore, when the prototropic rearrangement is energetically more demanding (X -= I -; Br -), the CD 3 COOH moiety can acquire some positive charge from the HN + -H-O1 interaction, which increases the acidity of its CD 3 deuteriums [45] . The consequence is an enhanced probability of consecutive H/D scrambling between the CD 3 group and the unprotonated NH functionalities of the receptor. When, instead, the prototropic transfer is energetically more favored (X -= Cl -), the D/H exchange pathway undergoes competition by the loss of the so-formed neutral HCl moiety (Table 2) .
Conclusions
The present study demonstrates that the [M•H•K] 2+ dication is able to add mono-and dicarboxylate anions as well as inorganic anions, such as halides, nitrate, etc., by forming the corresponding monocharged adducts in the gas phase. Several stable structures can be formed depending on the relative basicities of the amino groups of M and of the anion coordinated to the K + center. With anions, such as trifluoroacetate (GB 300 = 317.4 kcal mol adducts to undergo CID fragmentation. It may be conceivable that when warmed up by collisions with an inert gas, the loss of the neutral acid molecule is prevented by the fast proton transfer from the acid to the proximate amino group of the macrocycle. In this case, no fragmentation takes place since the loss of the so-formed ion pair is too energy-demanding (e.g., ΔG 300 = +22. (Figure 4b ), nontheless an extensive CID fragmentation is observed that is favored by the structural preorganization of a potential leaving moiety (i.e., CF 2 COO).
